Abstract Negative impact of radicals on humans and animals is responsible for growing research interest in antioxidant properties of substances, which protect living organisms from the damaging influence of these reactive species. Among numerous methods for antioxidant activity estimation, DPPH and ABTS are the most popular and commonly used ones due to their ease, speed, sensitivity and the usage of stabile radicals. The paper shows and discusses the antioxidant properties of a few compounds exhibiting different extinction of the wavelength used to monitor colored radical depletion in spectrophotometric measurements-e.g. 516 and 744 nm in DPPH and ABTS assays, respectively. As results from the presented data, the difference between true and spectrophotometrically estimated IC 50 values for colored antioxidants depends not only on extinction coefficient of the monitored wavelength by the antioxidant but also on its remaining concentration in the measuring system. The presented results seems to be helpful for the researches examining coloured antioxidants and plant extracts containing substances having spectra in Vis region.
Introduction
Antioxidant activity is defined as the ability of given compounds or mixtures to reduce pro-oxidants or reactive species, including free radicals. Many methods are available for its estimation (Antolovich et al. 2002; Moon and Shibamoto 2009; Alam et al. 2013; Lὀpez-Alarcὀn and Denicola 2013; Apak et al. 2016) . Among them, two colorimetric methods, DPPH and ABTS (employing 2,2′-diphenylpicrylhydrazyl and 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt), seem to be the most popular and willingly used ones due to their measurement simplicity, short experimental time and the employment of the inexpensive spectrophotometer (Mishra et al. 2012) . In both methods the antioxidant activity of an examined antioxidant is determined in terms of absorbance changes of artificial, stable and colored radicals-DPPH· or ABTS ·+ (Prior et al. 2005; Floegel et al. 2011; Can and Baltas 2016) . The reduction degree of colored radical Małgorzata Olszowy and Andrzej L. Dawidowicz contributed equally to this work.
& Małgorzata Olszowy malgorzata.olszowy@poczta.umcs.lublin.pl during its reaction with antioxidant is measured at 515-517 nm in the case of the DPPH method and at 734-744 in the ABTS assay.
As results from the literature (Arnao 2000; Pérez-Jiménez et al. 2008; Paśko et al. 2009; Shalaby and Shanab 2013; Gayosso-García Sancho et al. 2013 ), the mentioned methods should not be applied for the estimation of antioxidant properties of substances which themselves (or their oxidation products formed during neutralization of radicals) absorb in the range of the monitored wave length. The presence of such compounds in the measuring system falsifies the changes of absorbance resulting from the concentration decrease of the colored radical and makes the estimation of the real antioxidant activity of the examined compounds impossible. In such cases: -Another wave length from the spectrum range of the colored radical (if possible) should be monitored in spectrophotometric measurements, or. -The concentration changes of the radical should be monitored after its prior chromatographic separation from other components present in the measuring system.
The paper shows and discusses the antioxidant properties estimated by the DPPH and ABTS methods of a few compounds which exhibit different extinction at 516 nm and negligible extinction at 744 nm. The antioxidant activities obtained by these two spectrophotometric methods are compared with those determined from the radicals concentration changes in the measuring system using HPLC. Such comparison seems to be valuable as there are many examples in literature concerning inappropriate application of DPPH and ABTS methods to the estimation of antioxidant properties of colored antioxidants, including colored natural components of food and its colored artificial additives (Sánchez-Moreno et al. 1999; Paixão et al. 2007; Roussis et al. 2008; Ramos-Esudero et al. 2012; Castro-López et al. 2016) .
Experimental
Reagents and equipment 2,2′-diphenylpicrylhydrazyl (DPPH), buthylhydroxyanisole (BHA), buthylhydroxytoluene (BHT), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), potassium persulfate (di-potassium peroxdisulfate), cyanidin 3-glucoside, quercetin, alizarin red S, methanol were purchased from Sigma Aldrich (Poznań, Poland). The pigments:
hydrazinylidene]-1-cyclohex-3-enylidene]hydrazinyl]naphthalene-1-sulfonate), thymol blue and E132 (3,3′-dioxo-2,2′-bisindolyden-5,5′-disulfonic acid disodium salt) were purchased from Food Colours (Piotrków Trybunalski, Poland). Water was purified on a Milli-Q system from Millipore (Bedford, MA, USA).
Measurements of antioxidant activity
The antioxidant activities of the examined compounds were estimated on the basis of unreacted DPPH· or ABTS ·+ concentration in the measuring system. The changes of both radicals were monitored spectrophotometrically and chromatographically.
Spectrophotometric measurements

DPPH method
The concentration of the unreacted DPPH radical after its reaction with the examined antioxidants was estimated by the slightly modified Brand-Williams method (BrandWilliams et al. 1995) . DPPH· solution (c = 6 9 10
with initial absorbance 0.7 ± 0.05 at 516 nm) (2.94 mL) was mixed in a 4 mL test tube with methanol antioxidants solution (60 µL). The mixture was vigorously shaken for 30 s and then poured into an optical glass cuvette (1 cm 9 1 cm 9 3.5 cm) and immediately placed in a spectrophotometer. The decrease in absorbance at 516 nm was registered in a continuous manner for 60 min with a UV Probe-1800 spectrophotometer (Shimadzu, Kyoto, Japan). To zero the spectrophotometer, methanol without radical and the antioxidant was used.
ABTS method
Before the estimation of antioxidant properties of examined compounds by ABTS method ABTS cation radical was prepared according to Nenandis et al. (2004) . For this reason 5 mL of 7 mmol L −1 aqueous ABTS solution was mixed with 88 μL of 140 mmol L −1 potassium persulfate
The mixture was incubated in the dark for 16 h and diluted with methanol until the absorbance value at 744 nm equaled 0.7 (final ABTS concentration c = 4.29 9 10 −5 mol L −1 ). 2940 µL of the prepared ABTS cation radical solution was mixed with methanolic solution of chosen antioxidant (60 µL) in a 4 mL test tube. The mixture was vigorously shaken for 30 s, transferred into an optical glass cuvette (1 cm 9 1 cm 9 3.5 cm) and immediately placed in a spectrophotometer. The unreacted ABTS cation radical was estimated in the same way and with the same equipment as the DPPH radical. In this case the decrease of absorbance at 744 nm was monitored.
The inhibition percent of DPPH· or ABTS ·+ was calculated according to the following equation:
where A 0 and A 60 are the values of DPPH· or ABTS ·+ absorbance at 0 and 60 min of the radical neutralization reaction, respectively.
HPLC measurements
The Varian Pro Star model 210/215 with the Pro Star 325 UV-Vis detector, Rheonyne 7725 sample injector (20 μL loop) and the ODS column (Microsorb MV 100 C18, 25 cm 9 4.6 mm i.d.) was used for the chromatographic estimation of unreacted DPPH· or ABTS ·+ in the measuring system. Its components were separated by isocratic elution employing mobile phase composed of methanol/ water 80/20 v/v. The measuring systems for HPLC analysis were prepared in the same way as those for spectrophotometry, i.e. 2940 µL of DPPH radical solution or ABTS cation radical solution was mixed with methanolic solution of chosen antioxidant (60 µL) in a 4 mL test tube. The mixture was vigorously shaken for 30 s, incubated for 60 min and subjected to HPLC analysis. The concentrations of unreacted DPPH· or ABTS ·+ were calculated from chromatograms recorded at 516 and 744 nm, respectively.
where P S and P R are areas of DPPH· or ABTS ·+ peaks from the chromatograms relating to the measuring system containing the examined antioxidant and without it, respectively.
Statistical analysis
The results are presented as the mean values ± SD. In order to determine the measurements reproducibility, each antioxidant activity assay was repeated three times. The RSD values of all measurements were smaller than 10%. P \ 0.01 was assumed as statistical difference between the experimental points.
Results and discussion
The UV-Vis spectra of the applied antioxidants and UVVis spectra of the DPPH and ABTS radicals, the concentration of which was monitored to determine antioxidant properties of the antioxidants are presented in Fig. 1 . As results from the figure, none of the applied antioxidants absorbs light near 744 nm wavelength. Considering their absorption ability of 516 nm wavelength, the examined antioxidants can be divided into two groups. The first one consists of four antioxidants (BHA, BHT, Trolox and quercetin) which do not absorb 516 nm wavelength at all. Five other components-cyanidin, alizarin, thymol blue, E155 and E132-constitute the second group of antioxidants absorbing the mentioned wavelength. It is worth noting, however, that the extinction of 516 nm wavelength by these compounds varies (see the last column of Table 1 ). The greatest molar extinction of 516 nm is shown by cyanidin whereas the smallest by E132.
IC 50 parameter is most frequently applied to express the antioxidant activity of compounds or mixtures by the DPPH and ABTS methods (Antolovich et al. 2002; Magalhȃes et al. 2008; Dawidowicz et al. 2012) . IC 50 values for the examined antioxidants, estimated by monitoring absorbance changes of the measuring system at 516 nm (spectrophotometric measurements) and by monitoring DPPH concentration changes in the same system by chromatographic analysis, are collected in the second and third column of Table 1 . As results from the data, the IC 50 values estimated spectrophotometrically and chromatographically are almost the same only for BHA, BHT, Trolox and quercetin (i.e. for the antioxidants of the first group).
As to the components of the second group, IC 50 values from spectrophotometric and chromatographic measurements could be calculated only for cyanidin and alizarin. It should be stressed, however, that spectrophotometrically estimated IC 50 values for these two compounds are greater than those calculated from the chromatographic measurements. Thus, judging by the spectrophotometric data, the antioxidant properties of these compounds are worse than those established by monitoring the DPPH radical concentration by chromatography. Such discrepancies are explicable if one takes into account that some amount of the antioxidant absorbing 516 nm wavelength may still remain in the measuring system at the moment of measuring the DPPH radical concentration spectrophotometrically. In consequence, the remaining antioxidant precludes the estimation of the true concentration of the DPPH radicals in the measuring system. The greater difference between the spectrophotometrically and chromatographically estimated IC 50 values for alizarin than for cyanidin, despite a significantly lower extinction of 516 nm wavelength by the former (see Table 1 ), indicate that there is another factor, beside the excitation value, responsible for the observed discrepancies.
It must be remembered that the IC 50 values for given antioxidants are calculated from the relation illustrating the influence of antioxidant concentration on DPPH inhibition percent. Such dependencies determined chromatographically (solid lines) and spectrophotometrically (dotted lines), assuming that the absorbance at 516 nm in spectrophotometric measurements corresponds only with the DPPH radical concentration, are presented in Figs. 2 and 3. As results from Fig. 2 , the run of the dependencies between inhibition percent and antioxidant concentration, determined spectrophotometrically and chromatographically, are the same for antioxidants of the first examined group, which do not exhibit any extinction at 516 nm. The same run of both dependencies confirms the reliability and utility of spectrophotometric monitoring of the DPPH radical concentration changes for the estimation of the antioxidant ability of these compounds.
For the antioxidants in the second group (see Fig. 3 ), the run of the dependencies between inhibition percent and antioxidant concentration determined in spectrophotometric and chromatographic measurements is different. The inhibition % values determined spectrophotometrically for these antioxidants are either significantly lower than those calculated from the chromatographic data (cyanidin, alizarin, E132) or even have negative values (E155, thymol blue). The observed discrepancies in the run of the curves obtained from the spectrophotometric and chromatographic measurements and in the shape of the curves obtained from the spectrophotometric measurements can be explained by analyzing the extinction of 516 nm wavelength by these antioxidants (see Table 1 ) and their residue in the measuring systems after the reactions with the DPPH radicals (see Table 2 ).
The smallest difference in the run of dependencies in Fig. 3 is observed for cyanidin despite its greatest molar extinction of 516 nm wavelength (see the last column of All measurements were carried out by using 2940 μL of DPPH radical and 60 μL of antioxidant solution *The value was not determined Table 1 ). Of all the examined colored antioxidants, this compound exhibits the greatest antioxidant activity and its remaining amount in the measuring system after the reaction with the DPPH radicals is relatively low: between 2.67 and 5.87% (see Table 2 ) at the concentration equal IC 50-= 0.138 mg mL −1 (see HPLC data in Table 1 ). It was also observed that the run of the dependencies in Fig. 3 for alizarin and E132 showed even greater differences. Admittedly molar extinctions of 516 nm wavelength for these two antioxidants are the lowest in the second group (see the last column of Table 1 ); however, their residue in the measuring system after the reaction with the DPPH radicals is significantly greater. At concentration equal IC 50 = 0.778 mg mL −1 for alizarin and IC 50-= 4.746 mg mL −1 for E132 (see HPLC data in Table 1 ), their residues are between 14.07 and 21.50% and 67.07-69.52%, respectively (see Table 2 ). Table 1 does not contain spectrophotometrically estimated IC 50 values for three examined compounds of the second group: E132, thymol blue and E155. Although the run of the dependencies between inhibition percent and antioxidant concentration estimated spectrophotometrically for E132 has the classical shape, the curve is situated in the region of low inhibition % (below 30%). The extinction value of 516 nm for this weak antioxidant is the lowest in the second group (see Table 1 ), however, its residue in the measuring system is considerably larger. The concentration of the remaining E132 at the estimated IC 50-= 4.746 mg mL −1 (see HPLC data in Table 1 ) is between 67.07 and 69.52% (see Table 2 ). The inflated absorbance of the reaction mixture, reflected by a low run of the dependencies between inhibition percent and antioxidant concentration, simulates small DPPH radical scavenging. Quite different shape of the dependencies between spectrophotometrically estimated inhibition percent and antioxidant concentration is observed for thymol blue and E155 (see Fig. 3d, e) . The negative values of the inhibition % for these antioxidants are due to greater absorption of 516 nm wavelength by the reaction mixtures than by the initial DPPH radical solution. This results from the high extinction of 516 nm by these antioxidants and from their significant concentration in the measuring system at the moment of spectrophotometric reading (see Tables 1, 2 ). In the case of E155, which exhibits higher extinction of 516 nm wavelength and more of it remains in the measuring system than of thymol blue, the number of IC 50 values for the examined antioxidants, estimated by monitoring absorbance changes of the measuring system at 744 nm (spectrophotometric measurements) and by monitoring ABTS cation radical concentration changes in the same system by chromatographic analysis, are gathered in Table 3 .
As results from the table, the IC 50 values established for individual antioxidants using both monitoring ways of ABTS cation radical concentration changes are almost the same. It should be noticed, however, that in these experiments the applied monitored wavelength (744 nm) in spectrophotometric measurements is outside the spectra of examined antioxidants. Hence, the presence of antioxidant residues in the measuring system do not influence the estimation of true ABTS concentration.
Conclusions
Negative influence of the reactive oxygen species on living organisms and on the stability of food products is responsible for a significant interest in substances exhibiting antioxidant properties and in the methods of estimating them. In most such methods, the ability of antioxidants to trap free radicals is measured by the reaction kinetics between the examined antioxidant and the radical. The methods applying chromogen compounds are commonly used due to their ease, speed and sensitivity most popular being those employing the stable DPPH· or ABTS ·+ . As mentioned in Introduction, these methods should not be applied for the estimation of antioxidant properties of substances which absorb in the range of monitored wave length.
As results from the presented data:
-ABTS and DPPH is adequate for measuring antioxidant characteristics when the spectrum of examined antioxidant or real biological system does not coincide with the wavelength used to monitor colored radical depletion; -if the examined antioxidant absorbs the wavelength used to monitor radical concentration changes, the difference between true and spectrophotometrically estimated IC 50 values depends not only on its extinction coefficient of the monitored wavelength but also on its residue concentration in the measuring system; -it is possible to apply spectrophotometric measurements for the estimation of the antioxidant properties of compounds absorbing the monitored wavelength provided that the examined antioxidant, reacting with ] for examined antioxidants estimated by analyzing ABTS radical cation concentration changes in the measuring system chromatographically, and monitoring the absorbance changes of the measuring system spectrophotometrically colored radicals, undergoes total depletion and that the reaction products allow to monitor the neutralization reaction of DPPH or ABTS radicals.
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